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(54) Biodegradable stent 

(57) An expandable, biodegradable stent for use 
within a body lumen comprises a hollow tube made from 
a copolymer of L-lactide and G-caprolactone that is not 
plastically expandable at normal body temperatures, 



and that is expandable using thermo-mechanical means 
at a temperature between about 38-55°C using a bal- 
loon catheter. The invention also relates to a method of 
making such a stent and to a method of deploying such 
a stent within the body. 
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Background of the Invention 

Stents, inching cardiovascu.ar and Utoy stents, - J^™ ^SE^VS 

^nventica , stents have taken two forms. ^ S^I^peS * 
me ,al, and that may include a biocompatible coabng. Such st nts ar » «J^J^3 n t0 ^ art . The sten t, which 
deploying them on or through a catheter, although ^^^^^Z Ejh. inner or outer perimeter 
mibe woven, strutted, or woundlikeasp^ 

of the catheter, and percutaneously inserted into the body where it is gu ds tQ g fjxed 

pressed) size. axoandable as a result of mechanical action by the surgeon. 

A second type of stent commonly used in the field is expandable as .a i re 4 , 63 9,632. According to 

One such stent is disclosed in Palmaz. United Stated PatenU ^^^^^ inserting it into a 
the Pa.maz patents, an unexpande d ste* ^J^J^^S^ ^ d ^ M * *" 
vessel using a catheter, and guid.ng the sent to the srte ^ where i m» p rtion oftne ste nt also is 

site of implantation, the balloon portion of the ^^^J^^ ^ «•* is sized appro- 

patible substance. ~ Y hihit undesirable characteristics that the art has 

Commercially available stents of the types J""*^"^ where they are to be dep.oyed. 

sought to overcome. Self-expanding stents may be .napprop ™te*«zed tonne g d af(er 

increasing the risk of rupture, stent -^ m ™ the .umen may proiect into 

deployment to its predetermined, d «™2L^^to Tmta^. Both self^xpanding and expandable 
the lumen, thereby causing a primary or seconda^ obstruct** o Mwgra '° jn the body , incfease » ne risk 

stents that are known in the art, because they are designed toPJJ^"jJJ reaction by surrounding 

o, restenosis, thrombosis or other adverse medical effects beca se of Jen* ^ ^ ^ 

tissue, adverse reaction by the ^^t™**^^**^^^ , or such stents, because they are 

CaS Conventiona,ba,loo,deployedstents,like^ 

ture that can be mechanica.lv expanded ^^^^^^jS^ the intima or media lining 
threatening to the surrounding tissue. Such perl or ^ons ateo permrt ce Ufi ^ ^ rtorations inside 

the lumen. Thus, for example, endothelial ce.^^ 

and around stents like that shown in Palmaz. Such tl ^^^^^^ amB surface. However, vascular 
.ayerinhibitstheformationof b,oodc.ots(thr OT b^^ jn ^ hyperplasia) 

smooth muscle cell migration and proliferation may be undesl f J 3 ™^ olacement of the stent. Thus, stents such 
and results in the occlusion of the lumen that ^^^^^^^L^ The benefits of a 
as that described by Palmaz may be ^^^^^J^J^^ Moreover, to the extent that the design 

^su^^ 
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needed to open the stent, biological considerations (such as designing the stent to limit cell ingrowth and migration, 
for example) frequently play a secondary role or no role at all. 

Still another disadvantage of existing stents is that the materials from which they are made are rigid, and therefore 
the compliance of the stents (Le., the ability to control the flexibility of the material used to design stents for particular 
s applications) is limited. This has the disadvantage of exposing patients to risks associated with the placement of a 
device that may exhibit a rigidity in excess of that needed for the particular application. 

Most conventional stents also are capable of being used as drug delivery systems when they are coated with a 
biodegradable coating that contains the drug to be delivered. The amount of the drug that can be delivered, and the 
time over which it may be released, therefore may be limited by the quantity of coating employed. 
10 Beck et al., United States Patent No. 5,1 47,385, discloses the use of a degradable, mechanically expandable stent 

prepared from poly (e-caprolactone) or similar polymers that melt between 45-7 5°C, because the melted polymer may 
be expanded in such a manner as to adapt to the body lumen in which it is deployed. At the same time, because poly 
(e-caprolactone) enters a liquid phase in the temperature range that Beck discloses (at about 60°C), the ability to 
achieve controlled, improved strength characteristics using the stent described by Beck is limited. Furthermore, the 
is temperature range described by Beck et al. is well-above the glass-transition temperature for poly(e-caprolactone). 
This limits the ability of a stent made according to Beck et al. to resist radially compressive forces imparted by the 
lumen upon the stent without creeping or relaxing, introducing a substantial risk of occluding the lumen. Alternatively, 
one might use massive structures made according to Beck et al. to keep the tumen open, but in so doing, the normal 
function of the lumen would be perturbed significantly, possibly creating regions where flow of body liquids through the 
^0 lumen would be severely restricted or stagnate, so that clots may form in those regions. 

Slepian et al., United States Patent No. 5,213,580, discloses an endoluminal sealing process using a poiy(capro- 
lactone) material that is flowable at temperatures above 60-80° C. According to Slepian, this flowable material is able 
to conform to irregularities on the inner surface of the body lumen in which it is deployed. 

Goldberg et al., United States Patent No. 5,085,629, discloses the manufacture of a urethral stent made from a 
2S terpolymer of L-lactide, glycolide, and e-caprolactone, which is selected to permit the stent to degrade within the body. 
Goldberg does not, however, disclose the use of an expandable stent, nor does Goldberg et al. provide any information 
regarding the design of the stent or its method of deployment within the body 

Thus, a stent that overcomes the problems just identified, while at the same time providing or enhancing the 
benefits that result from the use of stents, is needed to improve patient safety and recovery 

30 

Summary of the Invention 

The present invention seeks to overcome those problems by providing an expandable, biodegradable stent for 
use within a body lumen. The invention consists in essence of a hollow tube made from a copolymer of L-lactide and 

3S e-caprolactone that, in unexpanded form, is of a first diameter sufficient to be retained upon a balloon catheter for 
placement within the body lumen. The stent is not expandable at normal body temperatures. The stent is expandable 
using a thermally-assisted mechanical expansion process at a temperature between about 38-55° C, to a second di- 
ameter sufficiently large to be retained in place within the body lumen. The invention also is found in a method of 
making that stent, and in a method of deploying such a stent within the body. 

<o it is thus an object of the invention to provide a biodegradable stent that can be deployed in the body for a sufficient 

period of time to permit the site to be supported by the stent to heal, remodel, and grow strong, and thereafter to be 
absorbed into the body, thus reducing the risk of thrombosis or other adverse health effects associated with foreign 
materials in the body. 

It is still another object of the invention to provide such a stent which can be deployed percutaneously by taking 
45 advantage of thermally-activated properties that permit the stent to be permanently deformed at temperatures just 
above normal body temperature, while remaining sufficiently rigid at body temperature to provide for mechanical support 
of the surrounding tissue. 

Another object of the invention is to provide a stent that can be designed with a variable geometry and compliance 
to permit the designer and/or surgeon to tailor the characteristics of a particular stent to fit its application more precisely 
so than is presently possible. 

Still another object of the invention is to provide such a stent made from a material that permits the use of the stent 
as a drug delivery system to promote healing at the site of deployment. These and other objects of the invention are 
achieved as described below. 

55 Brief Description of the Drawings 

Figure 1 is an illustration of an embodiment of an unexpanded stent according to the present invention. Figures 
2-4 are plan drawings of various perforation patterns useful for stents made according to the invention. Figure 5 is an 
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present invention, temperature, and strain. 
Detailed Description ot the Invention 

The stent made according to the present invention comprises a cylindrical tube 

endoluminal paving, therefore is believed to be effective in limiting intimal hyperplasia. 

EndotheL coverage, in which the cells grow over and envelop the stent, ,s desirable " ^^SJS 

- srnr«^£S^ « M _ >-* — . * rT *^ ..... — * 

r^u^C"^^ o, the invention, a radio W contrast materia, is 

of barium sulfate that are blended with the copolymer from which the stent ,s ^J^^^T^ 
material must not adversely impact the mechanical properties of the copolymer, and must be *«^Ma 

When 7. sL is expanded, any perforations that are included in the stent also are the ' r sha P e 15 

changed This is illustrated in Figure 5. which is an expanded version of the ™<**Z*«^ a copolymer of 

Reoardless of the macrostructure of the stent, the stent of the present invention is prepared from a C0 P°^er o 

body and metabolized without adverse consequence to the patient. color)pri to Dro duce thermal 

The relative amounts of each of L-lactide and E -caprolactone in the copolymer are selected to produce thermal 
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heat and mechanical force. Thus, in the useful temperature range, the copolymer undergoes a transition from a glassy 
state, in which the copolymer is strong and stiff, and exhibits less than about 3% elongation, to a rubbery state in which 
the material becomes elastic, leathery, pliable, and undergoes more than about 200% elongation. It is believed that if 
the temperature needed to expand the copolymer is significantly higher than 55°C, the heat needed to expand the 
copolymer may adversely affect the surrounding tissue by burning or otherwise damaging it, thereby interfering with 
healing following the deployment of the stent. At the same time, however, if the expansion temperature of the polymer 
is below about 38°C, there is a risk that the stent will soften in the body and collapse if the temperature rises as a result 
of fever or other similar circumstance. This creates a risk of restenosis or other adverse conditions resulting from 
collapse or deformation of the softened stent. 

Some mechanical properties of the poly(L-lactide-e-caprolactone) copolymer are set forth in Table 1 . Thus, it is 
believed copolymers having a molar ratio of L-lactide to e-caprolactone of about 90:10 to about 98:2 (as determined 
by conventional NMR analysis) are useful in the present invention. 
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TABLE 1 



L-lactide 
(moi %) 



e-caprolactone 
(mol%) 



86 



14 



91 



92 



93 



Melting 
Point 

CO 



Sample 
Temper- 
ature 

CO 



Modulus of 
Elasticity 
(MPa) 



130-140 



141-165 



152-171 



155.5* 



35 

37 

40 

42 

45 

47 

50 

53 

35 

37 

40 

42 

45 

47 

50 

53 

35 

37 

40 

42 

45 

47 

50 

35 

37 

40 

42 



1134 
878 
818 
338 

148 

136 

17 

1916 

1690 

1809 

1412 . 

758 

1051 

352 

121 

1309 

910 

1225 

1451 

591 

991 

499 

1035 

1147 

1233 

1013 



Strain 
(%) 



372 

335 

347.3 

368.7 

382.5 
384 

411.3 

393.2 
2.8 
2.8 
115 
151.7 
375.2 
356.7 
381.7 
383.3 
3 

2.9 
88.1 
192.5 
318.7 
340.7 
324.3 
3.07 
3.58 
2.9 
6.14 
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L-lactkle e-caproiactone ^ofat* 
(mol %) (mol %) ( o C) 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



93.5 6.5 155-172 



93.7 ~ 6.3 151.52* 



95.6 4.4 155.44» 



Sample 
Temper- 
ature 

<°C) 


Modulus of 
Elasticity 
(MPa) 


Strain 

(%) 


45 


1290 


41.3 


47 


1367 


222 


50 


1343 


264 


53 


529 


294 


35 


1421 


2.3 


37 


1262 


2.5 


40 


1274 


3 


42 


1559 


3 


45 


1036 


3.9 


47 


1051 


308.7 


50 


543 


335.7 


53 


550 


291.7 


-35 


1064 


2:68 


37 


1006 ' 


2.55 


40 


937 


2.95 


42 


1104 


2.73 


45 


1751 


38.35 


47 


1128 


292 


50 


787 


326 


53 


324 


319 


35 


1471 


2.68 


37 


865 


2.75 


40 


788 


2.83 






1 75 


45 


916 


74.00 


47 


1192 


194.00 


50 


934 


320.00 


53 


779 


330.00 


55 


1572 


297.00 
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L-lactide 
(raol %) 

97 



e-caprolactone 
(mol%) 



Melting 
Point 

rc) 

156-178 



97.0 



3.0 



166.24* 



Sample 
Temper- 
ature 

(°C) 

35 
37 
40 
42 
45 
47 
50 
53 
35 
37 
40 
42 
45 
47 
50 
53 
55 



Modulus of 
Elasticity 
(MPa) 

1656 
1155 
1191 
1305 
1054 
1537 
1085 
1467 
1628 
1141 
1120 
1003 
921 . 
980 
1019 
903 
713 



Strain 
(%> 

2.4 
3.2 
2.6 
3.3 
3.7 
3.4 
302 
270.3 
2.53 
3.16 
2.98 
3.30 
3.18 
74.00 
356.00 
342.00 
318.00 



«,in samples (approximately 0.3 x 6.3S »m x » ™J ^^^fSSSa aacmsmperalor.. Welling 

55'C However, it should be understood that copolymers containing up to about 10 mol /»e caproiactone ca 

in lh SSegradab.e materiais. inc.uding copolymers o, Uact.de and/or ,ca P ro.actone. that exhibit simifcr prop- 
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invention below the glass-transition temperature causes the stent to fracture as a result of its brittle or glassy charac- 
teristics below the glass-transition temperature. This could be potentially hazardous, depending upon whether and 
how the stent fractures as a result of being expanded improperly. Thus, controlled heating and expansion of the stent 
is important to the invention, as it results in a circumferential drawing of the extruded stent, helping to orient the co- 
s polymer molecules, and thereby enhances the modulus and strength of the materials, and ultimately the strength of 
the stent. 

The thermo-mechanical expansion of the stent is considered a processing step occurring in situ and concomitant 
with deployment. Thermo-mechanical expansion can be viewed as a low temperature drawing of the copolymer tube, 
which orients the polymer chains and crystallites circumf erentially. It is believed that this expansion method, used within 

10 the temperature range of about 38-55°C, results in the preferential orientation of the polymer chains in the amorphous 
domains of the material. This low temperature drawing substantially increases the elastic modulus and strength of the 
stent, while stabilizing and maintaining the shape of the expanded stent under external loads. The degree of improve- 
ment of these properties depends on the draw ratio, measured as a function of the cross-sectional area of the annulus 
defining the end of the stent prior to and after expansion. The draw ratio should be above about 1.2, and preferably 

is above about 2.0, and depends on the deployment method and material properties such as initial crystallinity and com- 
position. Desirable draw ratios desired for any particular material can be readily detennined by those skilled in the art. 

The copolymer used in the present invention may be obtained from Purac Biochem b.v. (Gorinchem, Netherlands) 
in the nominal ratios specified above. However, because of the presence of unreacted monomers, low molecular weight 
oligomers, catalysts, and other impurities, it is desirable (and, depending upon the materials used, may be necessary) 

20 to increase the purity of the copolymer over that which is commercially available. This purification process yields a 
copolymer of better-known composition, and therefore increases both the predictability of the mechanical character- 
istics of the stents made from such materials and the reliability of those stents. In the purification process, the copolymer 
is dissolved in a suitable solvent, such as methylene chloride. Other suitable solvents include (but are not limited to) 
ethyl acetate, chloroform, and tetrahydrofuran. The copolymer solution is mixed with a second material that is miscible 

25 with the solvent, but in which the copolymer is not soluble, so that the copolymer (but not appreciable quantities of 
impurities or unreacted monomer) precipitates out of solution. For example, a methylene chloride solution of the co- 
polymer may be mixed with heptane, causing the copolymer to fall out of solution. The solvent mixture then is removed 
from the copolymer precipitate using conventional techniques. 

To form the stent, the copolymer thus prepared is melted at a temperature sufficiently low to minimize polymer 

30 degradation in a conventional extruder, and extruded through a die to form a cylindrical tube of the desired wall thick- 
ness, inside and outside diameters. The stent may be cut to length on line while hot, or preferably is cooled before 
cutting. The molten extrudate is cooled preferably by quenching in air or in a temperature-controlled water bath to 
retain shape and strength-enhancing molecular orientation (along the long axis of the tube) that is introduced by the 
extrusion process. The extrusion and quenching processes also are used to control the degree of crystallinity of the 

35 extruded tube, by locking in the amorphous structure of the extruded polymer, thereby reducing the glass-transition 
temperature to fall within the desired range. Thus, after the extrusion process, the copolymers are nearly amorphous 
and have oriented molecular chains. 

The stents prepared in this way may be employed in the form in which they were extruded without further processing 
(i.e., a solid, unperforated tube), or they may incorporate perforations of such size, shape, and frequency so as to 
enhance thermally-assisted mechanical expansion and allow regeneration of the vascular (or other) tissue. The per- 
forations may be machined using excimer or other lasers, for example, a 193 nanometer argon fluoride laser which is 
particularly useful to take advantage of certain absorption properties of the L-lactide-e-caprolactone copolymer. The 
laser pulses preferably at 40Hz and 100 mJ/pulse, dispersing energy at 0.7 J/cm 2 . The invention therefore does not 
rely upon a woven material to define perforations, which is an advantage because woven material potentially provides 

45 a site for thrombogenesis and bacteria colonization. In addition, deployment of woven polymer stents may be elusive, 
since polymers typically creep during the time when they are stored in a stressed position on the catheter. 

As a alternative to the extrusion process just described, the stents may be injection molded using conventional 
techniques, or may be formed using dip-coating techniques. In these embodiments, any desired perforations may be 
part of the mold or substrate for coating, or may be micromachined as described above. 

50 The orientation of the polymer chains and crystallites circumferential ly, to improve the mechanic properties of the 

stent, is important. Conventional methods of processing do not allow circumferential orientation of polymer chains and 
crystal domains (Le., crystallites). One method to achieve this preferred orientation is to use a glass rod with a crystal- 
like film of poly(tetrafluoroethylene) (PTFE) deposited mechanically on the surface by known methods. The PTFE film 
should be deposited circumferentially on a glass rod having an outer diameter equivalent to the desired inner diameter 

ss of the stent. The copolymer from which the stent is made is dip coated onto the rod from either the melt or an appropriate 
solution, such as ethyl acetate or methylene chloride. Additionally, the formed tube may be heat treated to increase its 
crystallinity; for example, the tube may be heated at about 80-1 00°C for about 5 minutes. However, the crystallinity 
should remain low enough to allow low temperature expansion of the stent. The fabrication process is believed to orient 
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both the polymer chains and any crystallites formed in the circumferential direction. The .^^^J^SS 
essed by laser micromachining as described previously. The thermo-mechanica. expansion process further 
the crvstallinitv modulus, and strength of the material, and ultimately the strength of the stent. 

TSSSZm ** creating material with oriented polymer chains and crystals is to fabricate ubes from 
f iber?d«wnShe ma.eria.s described herein. Conventional drawing of fibers aligns the polymer d»>^M 
cSSr P Sel to the direction of fiber length. This process can result in substantial increases ,n moduto .and 
^SLmlL with the nonoriented material. Unlike conventional fiber drawing tor seH-reinforcedromposites, 
fibeTstorte^^^^ 

0P UrnIr S S and modulus. Fibers of this nature will achieve their optimal strength and modulus whe . they ^ are 
pSedTn srtu where they will receive the additional drawing. In this technique, fibers may be fabricated into a tube 
b^onS^^ 

2 XrsoLnt vapor fusion autoclave pressure, vacuum bag. or other conventional techniques. This phase of the 
^Z^S^S^ orientation'of either the polymer chains or crystallites in the drawn fiber, It is bel^d 
fh^me Sers should be oriented circumferential^ so the polymer molecular chains and crystallites are aligned „ , a 
SS^^SSoU the formed tube may be heat treated to increase the crystalling for «^*» <£• 
mTbe heated at about 80 100'C for about 5 minute, However, the crystallinity shoukJ remain low ^ » •*»» 
TxoanLn of the stent As above, micromachining then may be performed to introduce any desired P^at^n, 
eXf>a " S : °3 ten1 ^ des Tab y may incorporate one or more drugs that posith/ely affect healing at the s.te where fee stent ,s 
deptold TeL^ 

therapy vehicles, nitric oxide, and growth factors and inhibitors. Direct thrombin mhibuors be, ey^d to us nn m 
nvention include Hirudin. Hirugen. Hirulog, PPACK (D-phenyldanyl-L-propyl-L-arg.nme chloromethyl 

«S i in the body for about 6-9 months wKhout showing major loss of structure. From this information, 
the Quantities of drugs to be included in the copolymer matrix may be readily determined. 

A^Wwd according to the present invention preferabry also incorporates surface coatings or tfw .films 

(abo^tSt^ 

Shi LCSne glycol) polyvinyl alcohol), polyvinylpyrrolidone). P oly(methacrylic acd), poly(acryl,c ac.d). and 
SacSdt S aSnd'edor /opo.ymerlze'd with biodegradable materials; monomers of th—sj, 
Sv be rrployed as may other materials having similar lubricious effects. These materials may be formed^ as erther 
SSLl blSk o r graft copolymers or as interpenetrating polymer networks. These materials may serve as drug 
delv^^^^^ 

^V^nSL. of ft. stent, or may extend over the micro^achined perforations ,n the stent to create a com- 

the opotZ rSar'tio and'degree of crystalling Thus, a stent having lower crys = ^ 
transrtion temperature than with a stent having a higher degree of crystallm.ty. By controlling the degree of crystalhrnW 
here S one may engineer a copolymer that exhibits optimal strain performance within the temperature range above 
™™ temperatures that will injure tissue surrounding the body lumen ,n which the £nt to be 
deofoved As already noted, quenching the extruded hot stent tends to lock in an amorphous structure that desirably 
^S^ts^L^perJe of the polymer. Likewise, the stents made according to the '-e~y be 
anneal at aSut 80-90'C to increase the crystallinity of the oorymer and thereby increase the glass-transrt.cn tarn- 

Pef t the temperature range described above, the porytL-lactide-e-caprolactone) copolymer undergoes therma.ty- 

of the stent For example, a conventional balloon catheter used tor percutaneous placement of a stent may be med 
withal 

p ovfding in one medium a method both for expanding the balloon and for transferring heat into the stent Thu, the 
cont act medium may be heated in situ using microwave radiation, an RF generator, or a resistance heater, ancVor by 
^S^^ZSLf contrasFmlSum that has been heated externally of the body. The contrast 
o be heatd to ablt 70°C to permit sufficient heat to transfer to the stent, and the heated med.um will be retained 

wKh^ 

love the abss-transition temperature. Heated contrast medium is retained wrth.n or circulated through the catheter 
^FJZ^ZSZ the g.ass-transKion temperature. Experimental data shows that sufficient heating cccu* in 
a 37»C wlter bath using a saline solution in place of a contrast medium, holding the sahne solution at 60»C for about 
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three minutes. 

Instead of a conventional balloon catheter, and depending upon the amount of time needed to heat the stent 
sufficiently to permit expansion, a perfusion catheter may be used so that the flow of fluids, such as blood, through the 
body lumen is not interrupted while the stent is being deployed. The perfusion catheter, by permitting blood flow through 

5 the affected region, also enhances convection cooling of the catheter and stent. 

Thus, to deploy the stent according to the present invention, the stent is placed in its unexpanded state along the 
periphery of a balloon portion of a balloon catheter, and inserted into the body lumen percutaneously where it travels 
through the body lumen to the desired site for deployment. The location of the stent at the desired site may be confirmed 
intraoperatively by radiography Once at the desired site, the stent is heated for the requisite period of time until its 

10 temperature is above the glass-transition temperature of the copolymer, and the balloon then is expanded so that the 
stent expands to the required size. The heat source then is removed, and the stent cooled by convection and conduction 
until its temperature is reduced betow the glass-transition temperature. (Alternatively, but less desirably, a cooling 
medium may optionally be introduced through the catheter to cool the stent below the glass-transition temperature. ) 
The stent may also be expanded slightly during this cooling process to fix the circumferential alignment of the polymer 

is chains and prevent strain recovery (shrinkage) of the expanded stent. 

One such heating technique is described generally in Lee, United States Patent No. 5,292,321. However, the 
positive cooling step required by Lee is not needed in the preferred embodiment of the present invention. Rather 
convection cooling resulting from blood flow past the stent, and the conduction of heat from the stent into surrounding 
body tissues, are believed adequate to return the stent to a temperature below the glass-transition temperature. 

20 Another heating technique that may be used in the invention is described generally in Rappaport, United States 

Patent No. 5,470,352, as a balloon catheter including a microwave antenna. According to Rappaport, microwave energy 
first heats low water content materials, leaving high water content materials (such as body tissue) relatively unaffected. 
Because the stent made according to the invention is made from a low water content material, it will be heated pref- 
erentially by such a microwave antenna before body tissues are adversely affected. If such a heating technique is 

25 used, it may be desirable to modify the stent to include material enhancing the stent's absorption of microwave radiation. 

Alternatively, the microwave frequency and power may be adjusted to preferentially heat the amorphous domains 
and disordered defects within the crystalline domains. The selective heating may be achieved by using an alternating 
current field with a high frequency in the microwave region (e.g. , 2.45 GHz, 1 .5 kW) in a manner known to the art. The 
advantage of this method of heating is that low temperature microwave heat<Jrawing is believed to produce similar 

30 physical properties at lower temperatures than the other methods described herein, since the amorphous domains are 
selectively targeted. As previously mentioned, it is believed that the expansion observed within the temperature range 
of about 38-55°C is due to the orientation of the polymer chains in the amorphous domains. This method is believed 
to allow deployment with minimal transfer of heat to the surrounding tissue, and avoids the need for positive cooling. 
Another embodiment uses a balloon that is coated with a microwave sensitive material that selectively heats when 

35 exposed to microwave radiation. Heat transferred from this coating raises the temperature of the stent to permit thenmo- 
mechanical expansion. 

In still another embodiment, the balloon may be coated with a dye or similar substance that heats upon exposure 
to electromagnetic radiation (such as ultraviolet light), which is introduced through the catheter using an optical fiber 
to heat the stent jn situ . 

to These embodiments reveal that the invention is not limited to a single method of deployment. Other heating and 

expansion methods besides those described may be used to carry out the invention in practice, however, it should be 
understood that the invention is limited to thermo-mechanical deployment techniques. 

The present invention has been described with respect to one embodiment, which is not meant to and should not 
be construed to limit the invention. Those skilled in the art will understand that variations from the embodiments and 

45 conditions described herein may be made without departing from the invention as claimed in the appended claims. 



Claims 

50 1 . An expandable, biodegradable stent for use within a body lumen comprising a hollow tube made from a copolymer 
of L-lactide and e-caprolactone that, in unexpanded form, is of a first diameter sufficient to be retained upon a 
balloon catheter for placement within the body lumen, and that is not plastically expandable at normal body tem- 
peratures, and that is expandable using thermo-mechanical means at a temperature between 38-55°C when the 
balloon catheter is inflated to a second diameter sufficient to be retained within the body lumen. 

55 

2. A stent as claimed in Claim 1 , wherein the molar ratio of L-lactide to e-caprolactone is in the range from 90: 1 0 to 98:2. 

3. A stent as claimed in Claim 1 or Claim 2, wherein the tube in imperforate. 
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4 A stent as claimed in Claim 1 or Claim 2 wherein the tube is perforated, the perforations placed at a distance 
relative to each other corresponding to cell ingrowth within the body lumen. 

5. A stent as claimed in any preceding claim, wherein the tube in nonwoven. 

6. A stent as claimed in any preceding claim, wherein the tube incorporates a radiopaque material. 

7. A stent as claimed in any preceding claim wherein the tube is coated with a lubricious material. 
8 A stent as claimed in Claim 7 wherein the thickness of the coating in 25um. 

l^ZnZpo^- acid). pofyfmethacrylic acid) and polyacrylamide, or the polymers thereof. 

1 0. A stent as claimed in any preceding claim wherein the tube includes a drug, either b.ended with the copolymer or 
blended with the coating. 

din. Hirugen, Hirulog, PPACK, D-FPRCH 2 CI, Heparin, and Warfann. 

12. A method for making a stent as defined in any one of claims 1 to 11 comprising the steps of: 

providing a copo*mer of L-lactide and e-caprolactone that is no. expandable at norma, body temperatures. 

and that is thermo-mechanically expandable at a temperature between 38-55 C 

creating a tube from the copolymer having a diameter sufficient to permit the tube to be retained upo 

unexpended balloon catheter for insertion into a body lumen; and 

cutting the tube into lengths for use as a stent within the body lumen. 

13. A method as claimed in claim 12 wherein the tube is created by extrusion. 

14. A method as claimed in claim 12 wherein the tube is created by dip-coating. 

15. A method as claimed in any one of claims 12 to 14 further comprising the step of micromachining perforations in 

the tube using a laser. 

16. A method for making a stent as defined in any one of claims 1 to 11 comprising the steps of: 

providing a copolymer of L-lactkle and ,ca P ro.ac»one that is not **«&«^»***^.*« 

lhat is thermo-mechanically expandable at a temperature between about 38-55 C 

creating a tube from the copolymer having a diameter sufficient to perm.t the tube to be retamed upon 

unexpanded balloon catheter for insertion into a body lumen; 

cutting the tube into lengths for use as a stent within the body lumen; and, 

Lrmo-mechanically expanding the stent within the body lumen to .ncrease the hoop strength of the stent by 
a sufficient amount to substantially support the body lumen. 

17. The method of making a stent of cfcim 16. wherein the stent is thermo-mechanicalty expanded so .ha, the draw 

ratio of the expanded stent is greater than 2.0. 
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FIG. 3 

mm 



FIG A 
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